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Most fungal cellulases consist of a catalytic domain and a small cellulose-binding domain, which belongs to the CBM1.
1,2) The 2 domains are connected by a fl exible linker peptide. Both domains bind to cellulose, but the affi nity of CBM1 is known to be much higher than that of the catalytic domain.
3) CBM1 may be found at either the N-or C-terminus of the protein. All CBM1 members show high sequence similarity regardless of the type of cellulase. CBM1 is made up of around 30 amino acids with 3 aromatic residues located on a fl at surface, which are essential for hydrophobic interactions with glucose pyranose rings in a single cellulose chain. [4] [5] [6] Both the intact enzyme and the catalytic domain show the same activity against soluble substrate; however, the latter shows decreased adsorption to, and activity against, crystalline cellulose. 1, 3, 7, 8) During degradation of crystalline cellulose, CBM1 gives the catalytic domain a chance to approach the substrate, thereby enhancing degradation at liquid-solid interfaces. The adsorption of CBM1 is thus necessary for effi cient attack on insoluble substrates.
In the production of biomass ethanol, strong adsorption makes it diffi cult to recover enzymes bound in the solid phase. Therefore, in general, residual components are recovered along with the enzymes, and reused for the following round of saccharifi cation. [9] [10] [11] [12] [13] In this case, however, hydrolysates and salts recovered with the enzymes cause inhibition of saccharifi cation. 14, 15) Revovery of the enzymes alone would therefore allow degradation to proceed effectively, resulting in a signifi cant reduction in enzyme costs. 16) The interaction between CBM1 and cellulose is diminished by the addition of ethylene glycol, 17) cellodextrins 17) and an increase in temperature.
18) However, the additives have to be removed before the following round of saccharifi cation, while taking care not to denature the enzymes. On the other hand, temperature is easy to regulate, but does not result in aggressive desorption.
18) A simple and effective process, with mild conditions for enzymes and the environment, is required for the desorption of the enzyme. Some chaotropic agents, such as ammonium sulfate, acetate, urea and iodine, are known to affect hydrophobic interactions. 19, 20) These have been used in hydrophobic chromatography 21) and purification of DNA fragments, 22) among other uses. DNA is separated easily from cell lysates by increasing the hydrophobic interaction between nucleic acids and silica particles. In the same manner, the interaction between CBM1 and cellulose would also be controllable by changing the concentration of chaotropic agent. In this study, the adsorption behavior of CBM1 was studied using the CBM1-GFP fusion protein, and the possibility of recycling the enzyme was investigated.
cellulose (CMC; Tokyo Chemical Industry, Tokyo, Japan) was dissolved in and extensively dialyzed against distilled water, before use. Cellulose microcrystalline (MC; for column chromatography) and lignin (dealkaline) were purchased from Merck KGAA (Darmstadt, Germany), and Tokyo Chemical Industry, respectively, and washed with distilled water several times before use.
Escherichia coli DH5α was used as the host cell for all DNA manipulations. E. coli (DE3) BL21 Origami strain (Novagen, Gibbstown, USA) was also used for the expression of recombinant proteins. Aspergillus oryzae niaD, a mutant defi cient in nitrate reductase, and the high-level expression vector pNAN8142 were kindly provided by Ozeki Corporation (Hyogo, Japan). CBM1-GFP fusion protein. The CBM1 used in this study was derived from Trametes hirsuta endo-β-1,4-glucanase (ThEG1).
23) CBM1 is located at the N-terminus of this protein, and the amino acid sequence is V W G Q C G G I GFSGD T T C T ASTCVKVNDYYSQCQ, in which the essential 3 residues for adsorption are underlined. Total RNA was prepared as described earlier.
23) CBM1 cDNA was amplifi ed by PCR using the PrimeSTAR HS DNA polymerase (Takara-bio Inc., Shiga, Japan). Forward and reverse primers for PCR (CBM-F, 5 -G C C C GGATCCTCGACCGCCGTC T G G G G-3 ; and CBM-R, 5 -G TCGCCATGGGTGCGGACG C G C C A G G C-3 ), containing the underlined restriction sites for BamHI and NcoI, respectively, were synthesized. The amplifi ed fragment was treated with these restriction enzymes, and ligated into the cognate sites in the pRSET/ EmGFP vector (Invitrogen, Carlsbad, USA). The fi delity of the sequence was confi rmed by sequencing, and the obtained plasmid was designated as pRSET/CBM1-GFP. E. coli Origami BL21cells, transformed with the pRSET/ CBM1-GFP or the pRSET/EmGFP, were grown at 30 C in a 1 L fl ask containing 200 mL of LB medium including 100 μg/mL ampicillin, with shaking at 180 rpm. When the OD600 reached 0.6, 1 mM isopropyl-β-D-thiogalactopyranoside was added, and the recombinant protein was expressed overnight under the same conditions. The cells were then collected by centrifugation and resuspended in 20 mM phosphate buffer (pH 7.4) containing 0.5 M NaCl. The cell lysate was prepared by sonication and the supernatant obtained was loaded onto a HisTrap FF column (5 mL, GE Healthcare, Buckinghamshire, UK) equilibrated with the same buffer. After the column was washed with the same buffer, the recombinant proteins were eluted with the same buffer containing 150 mM imidazole. Purifi ed proteins were extensively dialyzed against 2 mM acetate buffer (pH 5.5), and were designated as CBM1-GFP and GFP, respectively.
The protein contents in each sample was measured by the Bradford method using the BioRad protein assay kit (BioRad Laboratories, Inc., Hercules, USA) and ovalbumin as a standard.
24)
Recombinant enzymes. Recombinant ThEG1 (rEG), which belongs to glucoside hydrolase (GH) family 5, 25, 26) was prepared as earlier described.
23) The CBM1 deletion mutant of ThEG1 (rEGΔCBM1) was also expressed in A. oryzae. The cDNA of ThEG1, except for the CBM1 coding sequence, was amplifi ed by PCR using the following primers: eg1-ΔCBD, 5 -GCGTCAGCTTCACGTCGAC C G C C T C-3 , in which an additional PvuII site is underlined; and #8, 5 -GGGAATTCGAGAAGAGATGAAGCGCTG T A T T C C-3 . The amplifi ed fragment was digested by PvuII and HindIII (internal site), and a fragment containing the upstream region of the cDNA was obtained. This was inserted into pBS/eg1, a plasmid vector containing the full-length ThEG1 cDNA, after the PshI-HindIII fragment was removed. After the sequence was confi rmed, the entire insertion was transferred into the pNAN8142 vector digested by XhoI and XbaI. Transformation, expression, and purifi cation were performed as previously described. 23, 27) Ex-1 is a cellobiohydrolase I (CBH I) that belongs to the GH family 7, derived from Irpex lacteus. The recombinant protein (rEx-1) was prepared according to the method of Toda et al. 28) All recombinant enzymes were extensively dialyzed against 2 mM acetate buffer (pH 5.5). Determination of protein adsorbed. Adsorption of the fl uorescent protein to MC was determined by measuring the decrease in fl uorescent intensity (the wavelength of excitation/emission is 487/509 nm) in the supernatant, and comparing this with the fl uorescence of aliquots without MC.
The adsorption of the protein without fl uorescence was also estimated from band intensity using ImageJ software (http://rsb.info.nih.gov/ij/) after electrophoresis. The precipitate was washed twice with 100 mM acetate buffer (pH 5.5). The adsorbed proteins were eluted by boiling for 5 min with 0.1 mL of 50 mM Tris-HCl buffer (pH 6.8) containing 2% SDS and 6% 2-mercaptoethanol. The obtained supernatant (10 μL) was subjected to SDS-PAGE. After electrophoresis, the proteins were visualized by staining with Coommassie Brilliant Blue G-250. Effect of pH on adsorption and hydrolysis activity. The reaction mixture (0.1 mL) consisted of 50 μg/mL CBM1-GFP, 1% (w/v) MC, 50 μg/mL BSA, and 0.2 M Britton-Robinson s wide range buffer (pH 4 11), in a 0.2 mL siliconized tube. It was incubated for 5 h at 4 C with mixing once upside-down per min. The amount of protein adsorbed was determined by measuring the fl uorescent intensity in the supernatant. rEG activity was determined in 0.2 M Britton-Robinson s wide range buffer (pH 4 13) as earlier described.
23)
Effect of buffer concentration on adsorption. The reaction mixture (0.1 mL) consisted of 50 μg/mL recombinant protein, 1% (w/v) MC, 50 μg/mL BSA, and 2 100 mM acetate buffer (pH 5.5), in a 0.2 mL siliconized tube. The pH values of all reaction mixtures were confi rmed to be 5.5. After incubation for 5 h at 4 C, mixing once upside-down per min, the suspension was centrifuged at 13,000 rpm for 5 min. The obtained supernatant and precipitate were subjected to analysis. Non-specifi c adsorption to lignin. The recovery of enzyme was often affected by non-specifi c adsorption to lignin. 29) To determine the extent of non-specifi c adsorption, the reaction and analysis was carried out in the same conditions as in the case of adsorption to MC, using 1% (w/v) lignin. Time course of adsorption and desorption CBM1-GFP, rEG, and rEx-1 (50 μg/mL) were individually adsorbed to 0.1% (w/v) MC in the presence of 100 mM acetate buffer (pH 5.5), in a total volume of 0.2 mL, for 5 h at 30 C. After centrifugation at 13,000 rpm for 5 min, the precipitate obtained was suspended in distilled water. Desorption was carried out at 45 C with incubation for 3 h. During this experiment, the reaction mixture was mixed once upside-down per min. Relation between adsorption and hydrolysis. The enzymatic hydrolysis of insoluble cellulose is strongly infl uenced by the adsorption capacity of the enzyme. The adsorption of the CBM1 is easily controllable by changing buffer concentration. This technique allows the relationship between adsorption and hydrolysis activity to be revealed. Either rEG or rEGΔCBM1 (50 μg/mL for MC or 250 ng/mL for CMC) was incubated with 1% (w/v) substrate and 50 μg/mL BSA in 2 100 mM acetate buffer (pH 5.5) in a total volume of 0.3 mL. Incubation was carried out for 60 h (for MC) or 30 min (for CMC) at 30 C, mixing once upside-down per min. After incubation, the enzyme was heat-denatured by boiling. All buffer concentrations and their volumes were then adjusted to 100 mM and 0.35 mL so as not to infl uence color development in the following analysis. The amount of reducing sugar produced was determined by the method of Somogyi-Nelson using glucose as the standard.
30,31)

RESULTS AND DISCUSSION
Recombinant proteins.
The molecular mass of purifi ed CBM1-GFP was estimated to be 35 kDa by SDS-PAGE. This is an appropriate value corresponding to the sum of the molecular masses of GFP (32 kDa) and CBM1 (4.0 kDa) estimated by the amino acid sequences. Purifi ed rEG and rEGΔCBM1 showed a molecular mass of 45 kDa and 41 kDa, respectively. The difference (4.0 kDa) corresponded to the molecular mass of CBM1. The specifi c activity of rEGΔCBM1 against MC was 5.5 mU/mg, much lower than that of rEG (16 mU/mg).
23) On the contrary, the specifi c activity of rEGΔCBM1against CMC (65 U/mg) was higher than that of rEG (44 U/mg).
23)
Similar variations was have been previously reported in some endo-glucanases.
32,33)
Adsorption conditions.
We fi rst determined appropriate conditions for adsorption. CBM1-GFP was incubated at various pHs with MC for 5 h at 4 C. As shown in Fig. 1 , the highest adsorption was observed around pH 4.5 5.0. At this pH, about 65% of CBM1-GFP adsorbed onto MC. This pH also corresponded with the optimum pH of rEG for MC hydrolysis. At higher pH, adsorption decreased gradually. About 50% of CBM1-GFP adsorbed at pH 9.0, and rEG showed only 10% of activity at this pH. This pH-dependent adsorption was very similar to that of CBM1 from Trichoderma reesei Cel7A.
34) Subsequent adsorption experiments were performed at pH 5.5 because the stability of fl uorescence emission was remarkably low below pH 5.0. As for the incubation period, adsorption almost reached saturation by 3 h at 4 C, and increased only slightly after this time. The incubation time was therefore fi xed at 5 h at 4 C in the following experiments.
Adsorption isotherms of CBM1-GFP were also measured. The binding capacity and distribution coeffi cient were estimated to be 1.52 μmol/g of MC and 0.38 L/μmol, respectively. CBM1-GFP showed higher binding capacity and lower affi nity compared to both T. reesei CBH I (1.04 μmol/g, 3.4 L/μmol) and CBH II (0.57 μmol/g, 0.53 L/μmol).
35) These results can be explained by the differences between the amino acid sequences of the respective CBM1s.
Regulation of CBM1-GFP adsorption.
As can be seen in Fig. 2(a) , the green fl uorescence in the supernatant was photographed under UV irradiation. It decreased gradually with increasing buffer concentration. Correspondingly, the amount of adsorbed protein increased as indicated by SDS-PAGE (Fig. 2(b) ). The fusion protein CBM1-GFP apparently adsorbed to MC in a manner dependent on buffer concentration. The amount of adsorbed protein reached 65% at 100 mM of buffer (Fig. 2(c) ), and Proteins were incubated at various pHs in Britton-Robinson s wide range buffer. , CBM1-GFP as a percentage of initial protein; , relative activity of rEG for MC. remained constant at buffer concentrations of 100 300 mM (data not shown). On the other hand, 8% of GFP always adsorbed at any buffer concentration. Besides acetate buffer, we also varied ammonium sulfate and NaCl concentrations in the presence of 2 mM acetate buffer (pH 5.5). Adsorption increased gradually until 50 mM, but maximum adsorption reached 35 40% only (data not shown). Henriksson et al. reported that the adsorption of CBH I increased 10% in the presence of 0.8 M ammonium sulfate.
17) However, we observed no remarkable increase, possibly because the buffer concentration used for the reaction might have itself been suffi cient for adsorption.
Regulation of recombinant enzyme adsorption.
Based on the results from the adsorption of CBM1-GFP, the adsorption behavior of the enzymes was also investigated. As shown in Fig. 3 , rEG, which contains CBM1, adsorbed to MC in the same manner as did CBM1-GFP. It was perfectly controllable in the range of 10 40% by changing the buffer concentration from 2 to 100 mM. On the other hand, rEGΔCBM1 hardly adsorbed to MC at any concentration. These results indicate that ion-dependent adsorption of CBM1 was observed even when the catalytic domain was included.
On the other hand, most of the rEx-1 adsorbed tightly to MC regardless of the buffer concentration (Fig. 4) . Ex-1 contains CBM1 at the C-terminus, and the essential amino acids for adsorption are identical to those of rEG. This type of enzyme has a tunnel-shaped active site at the catalytic domain, and hydrolyzes crystalline cellulose in a processive manner. 36, 37) We suggest that the binding of the cellulose chain to the catalytic domain might be much stronger than that of CBM1, or alternatively that the binding is not easy infl uenced by buffer concentration.
Additionally, non-specifi c adsorption to lignin was also investigated. However, adsorption was less than 10% and did not depend on buffer concentration (data not shown).
Time course of adsorption and desorption.
As shown in Fig. 5 , all the proteins studied adsorbed to MC in 100 mM acetate buffer at 30 C and rapidly desorbed with water at 45 C. All adsorptions were saturated within 3 h, while the time for desorption remained constant at under 30 min. After desorption, most of the MC remained without being degraded. When the temperature of incubation was 30 C, adsorption was lower than seen at 4 C in all cases. The decrease in adsorption was 30% for rEG and rEx-1, but only 5% for CBM1-GFP. During the desorption step, adsorbed proteins were released and the adsorption levels of rEG, rEx-1and CBM1-GFP decreased to 7, 20 and 35%. The low adsorption at 30 C might be due to the fact that adsorption affi nity to cellulose decreased at higher temperatures and because cellulose was hydrolyzed partially during incubation. The differences in adsorption or desorption among these proteins might be also explained by differences in the affi nity of catalytic domain, hydrolytic activity against cellulose, and variations in the CBM1 amino acid sequence between rEG and rEx-1. In particular, rEG preferentially hydrolyzes amorphous region of cellulose, to which cellulases adsorb with high affi nity. The loss of the amorphous region might have resulted in the low adsorption of rEG ( 50% adsorption in Fig. 5 ) compared to that of CBM1-GFP, even though they contain the same CBM1. rEx-1 was adsorbed to MC at various concentrations of acetate buffer (pH 5.5). The adsorbed proteins were analyzed by SDS-PAGE. Ct, total amount of rEx-1 used in the experiment; M, molecular mass marker. 
Relation between adsorption and hydrolysis.
The hydrolytic ability of each enzyme for MC and CMC was determined at various adsorption levels by changing buffer concentration. When degrading MC at a buffer concentration of 2 mM, rEG showed almost the same hydrolysis as rEGΔCBM1 (Fig. 6(a) ). This indicates that hydrolysis proceeded without adsorption at this concentration. At a buffer concentration of 100 mM, rEG showed 1.6-fold higher hydrolysis than rEGΔCBM1. This value was refl ected in the specifi c activity of each enzyme. When CMC was used as the substrate, the hydrolysis ratio between rEG and rEGΔCBM1 was nearly constant at any concentration ( Fig. 6(b) ). The hydrolysis of soluble cellulose did not seem to depend on adsorption. Interestingly, each hydrolysis behavior commonly fi tted 2 lines which crossed around 10 mM. The fi rst line was in the range of 0 10 mM, in which hydrolysis increased remarkably. In the second line (over 10 mM), the hydrolysis of MC alone by rEG increased gradually, whereas hydrolysis of CMC, which did not require adsorption, remained constant.
Buffer concentration might affect the ionization of functional groups and the formation of an electrostatic bond as well as hydrophobic interactions. At extremely low buffer concentrations, the active site of the enzyme might not be arranged in the concentration needed for catalysis. At buffer concentrations over 10 mM, the catalytic domain was in the optimal conformation. This was supported by the result that the hydrolysis of CMC was not infl uenced at all (Fig. 6(b) ). In the range of 10 100 mM, hydrolysis of insoluble substrate was highly dependent on adsorption (Fig. 6(a) ).
In this study, we have demonstrated that the adsorption and desorption of CBM1 can be easily regulated by changing acetate buffer concentration. This regulation can be easy combined with existing saccharifi cation and enzyme recycling processes. The advantage of this process is that it avoids the carry-over of hydrolysates such as cello-oligosaccharides, and salts contained in cellulosic materials, into the next saccharifi cation step. However, some improvements are required before this process can be put to use. The desorption conditions have to be considerably improved to recover higher quantities of enzymes. Additionally, for β-glucosidase, which converts cellobiose into glucose, containing CBM1 might be available for this recovery process.
Finally, hydrolytic activity is strongly infl uenced by buffer concentrations when fungal cellulase is assayed using insoluble cellulose as the substrate. For determination of reducing sugar, the buffer concentration tends to be kept as low as possible, so as not to disturb color development. However, buffer concentration should be over 100 mM when acetate buffer is used, as otherwise CBM1 might not adsorb maximally. Hydrolysis of MC (a) and CMC (b) was determined at various buffer concentrations. The dotted lines indicate the refl ection points of the two lines. , rEG; , rEGΔCBM1.
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